Abstract More than 35 years ago double Nobel laureate Linus Carl Pauling published a powerful model of the molecular mechanism of general anesthesia, generally referred to as the hydrate-microcrystal (aqueous-phase) theory. This hypothesis, based on the molecular behavior of water molecules, did not receive serious attention during Pauling's life time, when scientific tools for examining complex systems such as the brain were still in their infancy. The situation has since drastically changed, and, now, in the twenty first century, many scientific tools are available for examining different types of complex systems. The discovery of aquaporin-4, a subtype of water channel abundantly expressed in glial systems, further highlighted the concept that the dynamics of water molecules in the cerebral cortex play an important role in important physiological brain functions including consciousness and information processing.
Introduction
In the early 1990s, the Japanese Ministry of Education, Science, Sports, and Culture (Monbu Sho) 1 launched a revolutionary plan for funding academic science in Japan. The project plan focused support to super select research teams deemed capable of developing into world class centers of excellence (COE), in fields ranging from cosmology to economics. The first five groups selected were announced in 1995. In the following year, in search of the scientific basis of the human mind, the committee decided to establish an inter-disciplinary research institute for complex system brain science. I was recruited from University of California, Davis, to direct this project and established the Center for Integrated Human Brain Science (http://coe.bri.niigata-u.ac.jp). The primary efforts of the Center are focused around developing a facility capable of integrating relevant modern technologies useful in the analysis of human brain function, from molecular biology to ultra-high field magnetic resonance imaging (MRI). The principal direction of the center's research activities is an interdisciplinary approach towards a single goal: elucidation of the role of water molecules in brain functionality. The goal coincides with my main career objective, nurtured since my medical student years at University of Tokyo when I discovered Linus Pauling's 1961 ground breaking publication (Pauling 1961) . In the 7 years of research, the project has progressed to the stage of testing specific biological hypotheses related to Pauling's legacy, and continues to be supported by the Japanese Government (Monbu Kagaku Sho) as a top priority project under the title ''Neuroscience of Water Molecules.'' This scientific essay introduces an ambitious theory, 'The Vortex Theory of the Brain' (Nakada 2000) , the basis of the currently funded project. Along with the experimental proof for certain components of the theory, several testable hypotheses for future experimental designs will be introduced.
Origin
Double Nobel laureate (Chemistry and Peace) Linus Carl Pauling, was deeply intrigued by the fact that the inert gas Xenon was an excellent general anesthetic. His research led him to conclude that the only property common to all anesthetic agents, including Xenon, should be their effect on water crystallization (Pauling 1961) .
2 Unfortunately, his hydrate-microcrystal (aqueous-phase) theory did not receive significant attention. Nevertheless, there is no doubt that Pauling's hypothesis represented a serious paradigm shift in medicine as well as neuroscience which deserves serious examination.
Pauling attempted to apply his theory directly to the dynamics of intracellular water molecules and neuronal membrane potentials. The effort did not yield corroborative results. Retrospectively, this appeared the main reason why the hydrate-microcrystal theory did not receive the nod of approval from the scientific society at large. Furthermore, scientific methodologies during his era were limited and still primarily based on linear concepts. Complex system analysis was still in its infancy. Under that environment, Pauling's hydratemicrocrystal theory was not particularly attractive to the general scientific community (Marinacci 1995) .
Needless to say, Pauling's theory of the molecular mechanisms of general anesthesia has tremendous significance on brain science. Should one accept that alteration in the dynamical condition of water molecules to be the basis of general anesthesia, it can be easily deduced that the behavior of water molecules in the brain should play an important, if not sole, role in creating and maintaining arousal (subjective consciousness). The problem was to find suitable methodologies for approaching this unprecedented powerful concept. The brain deals with information. Mathematically, information is defined as entropy, as detailed by Claude Shannon in his information theory. One would intuitively consider that the proper method for analyzing functionality of the brain should also be stochastic in nature, i.e., the brain is a complex system. Stochastic methodologies in complex system science, therefore, are the most appropriate methodologies for linking Linus Pauling's legacy to modern brain science.
Brain and self-organization: complex system brain science
Everything which appears spontaneously in our universe comes to be so through self-organization, a representative characteristic of complex system behavior (von der Malsburg 1995). Therefore, it is possible to analyze the brain using the principles of self-organization, and by considering two different self-organization processes, namely, structural and functional.
Cortical self-organization: ontogeny Ontogenetic development of the cerebral cortex is well described (Rakic 1995) . The cells which eventually form the six-layer cortical mantle migrate from the surface of the lateral ventricles, the germinal matrix, following guiding tracts provided by radial glial fibers (Fig. 1) . Each migrating cell reaches the surface of the cortex after first passing through all the previously migrated and settled cells, a process analogous to a six-story building constructed beginning from the first story and proceeding upward to the sixth. Following completion of formation of the layers of the cortex, the radial glial fibers disappear. It is easily understood that the determining factor of the gross shape of the brain is the growth pattern of the radial glial fibers. Each radial glial fiber corresponds to a cortical column.
In nature, most of self-organizing structural formation follows the Markovian rule. In order to demonstrate that this principle applies to brain development, we have performed simulation studies for gross structural organization of the brain (Nakada 2003) . The results strongly indicate that the self-organizing process of the brain likely follows the rule of heat convection (Figs. 2, 3 ). If one accepts that the gross brain shape is indeed defined by a plume type heat convection pattern, then it follows that its biological realization requires only two conditions, namely, (1) heat should constantly escape into amniotic fluid from the core through the surface of the fetal brain; and (2) radial glial fibers have to advance their fiber tips in a direction identical to that of convective heat flow. Whereas the first condition is accepted fact (Schröder and Power 1997; Laburn et al. 2002) , the testable hypothesis for second condition can be easily constructed: Hypothesis I: Radial glial fibers emit small amounts of a gaseous substrate, such as nitric oxide (NO), and advance their fiber tips towards the highest concentration of the emitted gaseous substrate (Fig. 4) . Each fiber tip advances to its destination by following the rule of heat convection governing the particular space in which the tip is located.
Functional self-organization: self-organizing neural net
Research on synaptic plasticity in the cerebellum dramatically advanced the concept of brain function (Ito 2001) . The discovery of learning neurons confirmed the existence of the biological counterpart of the McCulloch and Pitts neuron, an artificial neuron in a neural net. The discovery in turn provided virtual proof for the concept that, similar to artificial neural nets, diverse functionality of the brain can be constructed based on a single functional unit (Fig. 5) . The concept of cerebellar learning was further refined by the identification of a biological functional unit often referred to as the cerebellar chip.
A simplified representation of the cerebellar chip is shown in Fig. 6 . The chip is organized around a single output neuron, the Purkinje cell. Information reaching the cerebellum is first processed by many, so called, pre-processing neurons such as the granular cells. The output of these pre-processing neurons reaches the Purkinje cells via the parallel fibers and form synaptic connections with dendrites of the Purkinje cells. Transmission efficacy of the synapses between parallel fibers and the Purkinje cells is modifiable, forming the basis of synaptic plasticity, and provides the biologic substrate of the cerebellar learning processes. The role of transmission efficacy in the learning process is analogous to the variable weights in the learning process of the McCulloch and Pitts neuron (Fig. 5) .
The human cerebral cortex contains more than 100 billion neurons and 10 14 synapses. Even without regard to the size of the genome, it can be easily concluded that a deterministic blueprint for connectivity of such an enormous number of networks is unrealistic. Therefore, as in the case of structure formation, self-organizing processes must play a significant role in developing functional connectivity of neurons. Nevertheless, unlike structure formation, simulation studies cannot provide virtual proof for functional self-organization. Therefore, the means of determining the self-organizing processes of functional connectivity should rely on probability analysis. Among the many neural net algorithms, the concept generally referred to as Kohonen's self-organizing map represents the most probable candidate algorithm that applies to self organizing functional connectivity in the cerebral cortex (Kohonen 2001).
Kohonen's map is a non-linear, two dimensional, self-organizing neural net (Fig. 7) . Kohonen's map automatically creates ''areas'' within the map which can be specifically activated by a corresponding stimulus by applying identical or similar stimuli repeatedly. The algorithm is capable of automatically creating all aspects of functional organization thus far defined in neurophysiology, including the orientation of the columns of the visual cortex, utilizing only repeated stimuli. It follows that functionally, Kohonen's map meets not only a necessary, but also sufficient condition to be an algorithm of the cerebral cortex (Arbib 2002) . From the view of system organization, Kohonen's net is actually a two dimensional version of the McCulloch and Pitts neuron. While the Mculloch and Pitts neuron learn individually, neurons in the Kohonen's map learn simultaneously as a group. Given that the biological realization of the Mculloch and Pitts neuron is generally accepted to be the Cerebellar Chip, the biological realization of the Kohonen's map would be in the form of the proposed ''Brain Chip''. Accordingly, the second testable hypothesis is formulated: Hypothesis II : Each cortical column represents a functional unit referred to as Brain Chip (Fig. 8) . This hypothesis actually leads to another testable hypothesis regarding the role of glial organization as will be discussed below. Fig. 2 ). Due to imperfection of the selected initial conditions, the simulated image (simulation) is not wholly identical to actual brain (Schematic). Nevertheless, the striking similarities in structural detail are demonstrated, strongly indicating that brain organization indeed follows the self-organization schema of free convection
Aquaporin-4 and water homeostasis in the brain
In the process of searching for proof for Hypothesis II above, one would immediately realize that biological realization of the Brain Chip cannot be achieved based on neuronal connectivity only. There are no known neural connections which can carry learning Fig. 4 Hypothesis I. Schematic presentation of growth pattern of a radial glial fiber, the first testable hypothesis. In this schema, the gaseous substrate is defined as nitric oxide (NO). The tip of the growing radial glial fiber emits a gaseous substrate (NO in this figure), which flows based on the heat convection schema. The radial glial fiber grows in the direction of NO flow. GM germinal matrix, RGF radial glial fiber, RGC radial glial cell Once a desirable outcome is achieved, the error signals will cease, and the learning process will be put on hold similar to the situation where the hold command is given to the McCulloch and Pitts neuron Fig. 7 Kohonen's Self-organizing Map. One of the most successful neural net applications for the creation of associative memories similar to that observed in brain, in vivo, is the self-organizing map (SOM) initially introduced by Kohonen, a non-linear method based on unsupervised learning processes. Any point on the two dimensionally spread neural lattice can be excited. For each input x, the learning processes are confined to a local group of neurons centered at site s, where maximum adaptation occurs. The adaptive changes will decay according to their distance from the center (Neighborhood kernel) in Gaussian fashion. h rs ¼ exp À rÀs k k 2 r 2 . Assuming active, non-linear forgetting, e, occurs, the learning rule of each synapse can be given as: w trigger signals (LTS) simultaneously to each group of neurons in a Brain Chip configuration. Should each column conform to a single Brain Chip unit, there must exist a system that is related to the structural self-organization of these columns. The Vortex Theory of the Brain and Brain Chip hypothesis call for radial glial fibers and resultant glial matrix to fill this role (Nakada 2000 (Nakada , 2004 . A complete discussion of the Vortex theory is above the scope of this brief review. However, the essence of the Vortex Theory can be highlighted by another testable hypothesis: Hypothesis III: There should be a ''dry area'' within the cortex created by the glial matrix. The key structure which strongly supports this hypothesis was discovered in the late twentieth century, namely, aquaporin-4, a water channel widely expressed in glial cells of mammalian brains (Rash et al. 1998) .
The organizational characteristic of the glial system is its matrix formation, which is an effective means of establishing compartments of different contents, and hints to the fact that the brain likely maintains two different types of extracellular space. The conventional extracellular space is filled with extracellular fluid, the volume of which is known to be significantly small in brain compared to other organs. Indeed, conventional extracellular space filled with extracellular fluid is found only in certain specific structures, e.g., the surroundings of synapses and the nodes of Ranvier, where astrocytes tightly seal off these areas, as if to prevent any leakage of extracellular fluid (Fig. 9) . Intracellular space and conventional extracellular space is filled with fluid of different ionic environments. Therefore, one of the most attractive ideas for the properties of the second extracellular space is differential water contents, namely, dry space, i.e., gas containing space, providing the last testable hypothesis: Hypothesis IV: Aquaporin-4 creates and maintains dry matrix spaces.
If one accepts Hypothesis IV as true, two longstanding mysteries regarding the brain can immediately be solved, namely, (1) why brain has a low specific gravity; and (2) why brain has only a limited volume of conventional extracellular space. Furthermore, it is easy to visualize that a matrix structure containing dry spaces is the basic configuration of Styrofoam, a widely used protective packaging material. Electron micrographs of the glial matrix system and Styrofoam indeed show striking similarity (Fig. 10) . Direct proof waits for further refinement of Fig. 8 Hypothesis II. Schematic representation of Brain Chip concept, the second testable hypothesis. The brain chip is a two-dimensional cerebellar chip where multiple pyramidal cells receive learning trigger signals (blue arrows) simultaneously. In this schema two sets of six pyramidal cells are considered. Neurons of each group will receive LTS simultaneously. The signal intensity of LTS will diminish according to the distance from the center and therefore, neurons in the near group (red dotted line) will receive LTS more frequently than those in the distant group (purple dotted line). This provides a ''weighted learning'' process necessary for creating a unit which conforms to the algorithm equivalent to Kohonen's map. LTS learning trigger signal, NNG near neuron group, DNG distant neuron group in vivo microscopic techniques capable of testing uneven water proton density distribution within the brain (Nakada et al. 2008a, b) .
In spite of the considerable number of ongoing investigations on the physiological and pathophysiological properties of aquaporin-4 in the brain, direct evidence that AQP-4 plays a direct role in information processing within the cerebral cortex remains elusive. Nevertheless, evidence is steadily accumulating that aquaporin-4 and, hence of water molecular dynamics in the brain is an indispensable factor for physiological neural-flow coupling associated with brain activation (Huber et al. 2007 Huber and Nakada 2008; Kitaura et al. 2009 ). The recent discovery that both antiepileptic drugs (AEDs) and leading anti-migraine drugs, triptans, are effective aquaporin-4 inhibitors (Huber et al. 2007 provide further tangible clues in support of the concept that cortical processing is closely related with brain water homeostasis. 
Conclusion
Linus Pauling left a substantial legacy for brain science by putting forth/proposing that the molecular mechanism of general anesthesia is strongly related with dynamical behavior of water molecules in the brain. Modern brain science has steadily accumulated evidence that not only neurons, but also glial cells play an essential role in creating and maintaining brain cortical functions. The discovery of aquaporin-4, which is abundantly present in brain glial cells, further accentuated the as yet faint concept of the functional role of water molecules in the brain. Nevertheless, one can be assured that brain science is about to enter the era of water as certainly as, astronomically, earth moved from the Pisces era to Aquarius (Nakada 2006) .
